ABSTRACT For more than a decade, 18 Sco (HD 146233) has been considered the star that most closely resembles the Sun, even though significant differences such as its Li content, which is about three times solar, exist. Using high resolution, high S/N spectra obtained at McDonald Observatory, we show that the stars HIP 56948 and HIP 73815 are very similar to the Sun in both stellar parameters and chemical composition, including a low Li abundance, which was previously thought to be peculiar in the Sun. HIP 56948, in particular, has stellar parameters identical to solar within the observational uncertainties, being thus the best solar twin known to date. HIP 56948 is also similar to the Sun in its lack of hot Jupiters. Considering the age of this star (∼ 1 ± 1 Gyr older than the Sun) and its location and orbit around the Galaxy, if terrestrial planets exist around it, they may have had enough time to develop complex life, making it a prime target for SETI.
INTRODUCTION
Even though it is the star we know best, the Sun can not be used as the primary calibrator in stellar astrophysics because it is exceedingly bright for the instrumentation utilized for distant stars. In many cases, one would like to observe a calibrating star whose fundamental properties (temperature, luminosity, metallicity, mass and age) are identical to solar but can be analyzed in a similar way as the objects of interest.
The study of "solar twins" (Cayrel de Strobel 1996) , stars that are spectroscopically and photometrically identical to the Sun, is necessary to set the zero point of fundamental calibrations in astrophysics, such as the color-temperature relations and the absolute flux scale (e.g., Colina et al. 1996 , Holmberg et al. 2006 . Further applications extend to many other fields. For example, in a study of the physical properties and classification of asteroids within the GAIA mission (e.g., Perryman 2005) , the solar reflectance spectrum must be first removed from the asteroid observations to allow for their accurate physical modeling (A. Korn, private communication) . This can be achieved with faint solar twins, which will be found and understood more easily once the bright ones have been reliably characterized.
Solar twins can also be used to validate stellar interior and evolution models. For example, the depletion in the observed solar Li abundance by about a factor of 200 relative to that found in meteorites is not explained by standard stellar evolution models. Since more physically realistic models, calculated from basic principles, cannot be computed yet, non-standard stellar evolution models have to introduce free parameters to reproduce the observed Li depletion (e.g., D 'Antona & Mazzitelli 1984; Ventura et al. 1998; Charbonnel & Talon 2005) . SoElectronic address: jorge@mso.anu.edu.au Electronic address: ivan@astro.as.utexas.edu lar twins and analogs with well-determined physical and chemical properties can help validate models by providing a sample covering a wide range of Li depletion. The Sun appears to be lithium-poor by a factor of 10 compared to similar solar type disk stars (Lambert & Reddy 2004) , a fact that has led to the suggestion that the Sun is peculiar in Li and therefore of dubious value for calibrating non-standard models of Li depletion.
Only three solar twins are currently known: 18 Sco (Porto de Mello & da Silva 1997), HD 98618 (Meléndez et al. 2006 ) and HIP 100963 (Takeda et al. 2007 ). However, these three stars have a Li abundance a factor of 3 to 6 higher than solar. Furthermore, according to our criteria, these stars are solar twins only marginally and should be called "quasi solar twins" instead.
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Here we report the discovery of two solar twins with a low Li abundance. This study is part of a survey of solar twins and analogs in the northern hemisphere that is being completed at McDonald Observatory and will be described thoroughly in a forthcoming publication (Ramírez et al. 2008 ).
DATA AND ANALYSIS
We selected candidate solar twins from a sample of more than 100,000 stars listed in the Hipparcos catalog by employing precise blue-optical-red-infrared color:T eff relations (Ramírez & Meléndez 2005 ) with a zero-point correction based on our pilot solar-twin survey (Meléndez 1 Our definition of solar twin requires the star to have fundamental physical parameters (e.g. T eff , log g, [Fe/H] , vt) identical to solar within a 1σ radius of observational and systematic errors. As we will see in §2, HIP 56948 is the only star that can strictly be called solar twin. Indeed, the average of six high-precision differential analyses (Table 3 of Meléndez et al. 2006 , Takeda et al. 2007 High resolution (R ∼ 60, 000), high signal-to-noise ratio (S/N ∼ 200 − 700) spectra were obtained for 23 solar twin candidates and the asteroid Vesta (reflected solar spectrum) with the 2dcoudé spectrograph (Tull et al. 1995) on the 2.7-m Harlan J. Smith Telescope at McDonald Observatory in April 2007. Standard data reduction procedures were applied to the spectra using IRAF. Our spectra cover a wide, albeit incomplete, spectral range (380 − 1000 nm), and includes iron lines in a broad range of excitation potentials (0 − 5 eV) and line strengths. Sample spectra of the best solar twins are shown in Fig. 1 .
The first analysis of the data was model-independent. Following Meléndez et al. (2006) , we measured the relative difference in equivalent width,
for a large set of Fe I lines, using their median value < δW r > as a proxy for metallicity, while the slope in the δW r vs. excitation potential relation was used as a temperature indicator. Stars for which these values were zero within the observational uncertainties were considered for further detailed analysis. The results were corroborated using line-depths instead of equivalent widths. In this way we found that HIP 56948 is spectroscopically indistinguishable from the Sun and significantly a better solar twin than the other two best previously known candidates (18 Sco and HD 98618). Another close twin was identified, HIP 73815, which is, however, not as good as HIP 56948.
A detailed model-atmosphere analysis of the best candidates was performed to verify the outcome of the empirical solar-twin test and estimate precise stellar parameters, as in Meléndez et al. (2006) . Kurucz model atmospheres and mostly laboratory gf -values were employed (see Meléndez et al. 2006) . Additionally, we measured the chromospheric emission S index and relative v sin i values from our spectra. The modelatmosphere analysis confirmed the empirical results, reinforcing the solar twin status of 18 Sco and HD 98618, and adding two more stars, HIP 56918 and HIP 73815, to the list of known solar twins. The parameters derived for these four solar twins are given in Table 1 . HIP 56948 has solar parameters within 1-σ, while the other three candidates are solar twins within 2-σ. Relative chemical compositions are shown in Fig. 2 . Except for the case of lithium (see §3), the solar twins studied here have solar abundances within the uncertainties.
The ages of the solar twins discussed here were determined using Y 2 isochrones (Demarque et al. 2004 ) and the chromospheric emission index S (e.g., Wright et al. 2004 ). Both HIP 56948 and HIP 73815 are older than the Sun by 1.2 and 1.7 Gyrs, respectively. On the other hand, 18 Sco is about 1.2 Gyrs younger than the Sun, while HD 98618 has an age similar to solar (see Table 1 ).
A radial velocity monitoring of what we consider to be the best solar twin ever known, HIP 56948, has been started by the McDonald Observatory planet search program (e.g., Endl et al. 2005) . Preliminary results reveal that no hot Jupiter is present around the star. Giant planets around the other two solar twins (18 Sco and HD 98618) have not been reported either by the California and Carnegie Planet Search Project (Marcy et al. 2005) . Details on the radial velocity follow up will be given in a forthcoming paper (Ramírez et al. 2008) .
We have also determined the Galactic space velocities and orbital parameters of the four solar twins. Like the Sun, they are in low eccentricity orbits (e < 0.1) close to the galactic plane at a galactocentric distance of about 8 kpc and, therefore, have an almost 100% probability of being members of the thin disk. Furthermore, the maximum distance from the galactic plane for the orbit of HIP 56948 is only about 50 pc.
THE SOLAR TWINS HIP 56948 AND HIP 73815
For many years, the Sun has been thought to be peculiar in its low lithium content. This work, as well as a recent study by Takeda et al. (2007) , show that this is not the case. We have found that both HIP 56948 and HIP 73815 have a low lithium abundance, similar to solar (Table 1 and Figs. 1-2) , while Takeda et al. have found that some stars closely resembling the Sun also have a low Li abundance. Curiously, the other two quasi-twins (HD 98168, 18 Sco) that we have analyzed have a Li abundance about three times higher. HIP 100963, the other quasi-solar twin recently identified by Takeda et al. (2007) , shows an even much higher Li abundance (about 6 times solar).
In order to understand the large spread in Li abundances among the five known solar twins, more high resolution, high S/N spectroscopic studies are needed to improve the precision of the Li abundances of the Li-poor stars and explore other fragile elements such as beryllium. As noted by several authors (e.g., D'Antona & Mazzitelli 1984; Deliyannis & Pinsonneault 1997; Ventura et al. 1998; Charbonnel & Talon 2005) , the amount of Li depletion depends on several ingredients such as mass, age, convection treatment, extra-mixing mechanisms (e.g., rotation), mass loss, metallicity, and magnetic fields. Since Li and Be are destroyed at different temperatures (≈ 2.5 and 3.5 ×10 6 K; Deliyannis & Pinsonneault 1997), their observed abundances can be used to reveal the dominant mechanism(s) causing only some stars to have such low Li abundances.
Two apparent trends in our small solar twin sample may help understand the large Li spread. One is that the twins with the highest masses (18 Sco and HD 98618, ≈ 3 − 4 % more massive than solar) are less depleted in Li, in qualitative, albeit not quantitative (apparently too large Li destruction for the small mass variation), agreement with the models of Li depletion cited above. Note, however, that the solar analogs 16 Cyg A and 16 Cyg B have masses that differ by only about 2 % (as estimated by our method and the relative stellar parameters determined by Deliyannis et al. 2000 ), yet they show very large differences (about a factor of 5) in their Li abundances (Deliyannis et al. 2000) , which suggests a depletion that depends exponentially on mass. The other apparent trend is that the Li abundances in the solar twins and the Sun seem to be correlated with age, with a decrease of about 0.1 dex in Li abundance for an increase of 0.35 Gyrs in age, in good agreement with the predicted depletion of about 0.1 dex in Li per 0.3 Gyrs for a solar model including internal gravity waves (Fig. 2 in Charbonnel & Talon 2005) . This age correlation seems to apply also to the 16 Cyg system, which according to our methods should be about 2-3 Gyr older than the Sun, i.e., they should have low Li abundances, and they indeed show Li abundances similar to solar (Deliyannis et al. 2000) although 16 Cyg B has a Li abundance about a factor of 5 lower than 16 Cyg A. Perhaps both (age and mass) correlations are correct, explaining thus why 16 Cyg A and B have low Li abundances (age effect) and at the same time why 16 Cyg B has much lower Li abundance than 16 Cyg A (mass effect). We stress here the preliminary nature of our results. Many more solar twins must be identified to confirm or reject the apparent trends with mass and/or age and help constrain stellar models of Li depletion reliably.
CONCLUSIONS
We have found two solar-twins (HIP 56948 and HIP 73815) that have a low Li abundance, similar to solar. This is remarkable given that this is a Li abundance considerably lower (by a factor of 3 − 6) than that found in three previously identified solar twins (18 Sco, HD 98618, and HIP 100963). The determination of precise abundances of other fragile elements (e.g., Be) in these solar twins may lead to an understanding of the still unknown mechanism responsible for the large Li depletion in the Sun.
Neither HIP 56948, 18 Sco, nor HD 98618 have hot Jupiters. Long-term radial velocity monitoring of these objects is encouraged, given that it could reveal, in about a decade, whether gaseous giant planets reside within the planetary systems that these stars may host.
HIP 56948 has physical properties and a chemical composition identical to that of the Sun, as well as a similar age. Stellar ages are key in the search for complex life in the universe, especially if one considers that the formation timescale of complex life is similar to that for the Earth. SETI searches can be optimized by selecting stars with ages similar to solar. Furthermore, given its orbital properties, HIP 56948 is well within the Galactic Habitable Zone (e.g., Lineweaver et al. 2004) . Considering all these facts, HIP 56948 is an excellent candidate for life outside the solar system.
The two new solar twins presented here have not been mentioned specifically as prime candidates for habitable systems in the literature, probably because ours is the first detailed spectroscopic analysis of them. Although the twin candidates are included in a catalog of nearby habitable systems (Turnbull & Tarter 2003) based on the Hipparcos catalog, so are thousands of other FGKM stars with parallaxes. We suggest SETI programs to give our twins top priority in their quest for intelligent life in the universe.
Altogether, the four solar twins presented in Table 1 cover the immediate past, present and future of the Sun. Long-term studies of these stars can help us understand variations of the solar activity cycle, which are very difficult to predict theoretically. Sunspot studies cover only a few centuries, while indirect measurements of solar activity extend to only about ten millennia (e.g., Usoskin et al. 2007) . Solar twins offer the opportunity to study solar activity over much longer timescales. In fact, chromospheric emission measurements of 18 Sco reveal an activity cycle of about seven years (Hall et al. 2007 ), significantly shorter than the 11-year solar cycle. In addition, these studies may help to understand anomalous variations such as the extreme low activity of the Maunder Minimum (Maunder 1890 , Eddy 1976 , which can be particularly interesting if they are related to climate changes on Earth (Eddy 1976 , Shindell et al. 2001 . Apparently, we know no Maunder minimum star yet (Wright 2004) .
We have started photometric measurements (uvby and U BV RI) of our solar twin sample. The photometry of the solar twins will be employed to derive precise solar colors (the average of the colors of solar twins) and determine accurately the zero-points of the color-T eff relations, for example those of Ramírez & Meléndez (2005) , which are reliable in a relative sense: temperature differences between stars are known with good precision but the actual T eff values may be inaccurate due to potential systematic errors in the absolute flux calibration. For accurate estimates of T eff values, a zero point correction is required. Since the temperature of the Sun is known with extreme accuracy, a very well determined solar color (e.g., four solar twins can provide a solar B − V color with an uncertainty of about 0.005 mag) will result in a zero point for the T eff scale as accurate as 25 K. We encourage other groups to observe these stars and extend these fundamental calibrations to as many photometric systems as possible.
Besides the astrophysical significance of solar twins, there is another motivation to look for and study them in full detail: they help answering the question of whether the Sun is unique or not (Gustafsson 1998 , Gonzalez 1999 , a question that has important philosophical consequences. An anomalous Sun favors some forms of the anthropic principle, those that suggest that our location in the universe is privileged for our existence as observers, but the identification of HIP 56948 as a real solar twin, although not disproving it completely, can be used as an argument against it. Also, due to its potential for hosting habitable planets, HIP 56948 may support a Copernican view for habitability in the universe.
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